Agave tequilana is a potential biofuel crop, for which the characters of juice total soluble sugar content (TSS), dry matter content (DM), cellulose , hemicellulose and lignin content are quality criteria. Spectra of leaves were obtained using a hand-held silicon photodiode array (Si PDA)-based spectrometer with a wavelength range of 300-1100 nm and an InGaAs-based Fourier transform near infrared (FT-NIR) spectrometer with a wavelength range of 1100-2500 nm. Fresh leaves were harvested at different maturity stages, in different seasons and from two locations in Queensland during 2012-2014. Partial least square regression models were developed for DM and TSS of fresh leaf, and for cellulose, hemicellulose and lignin of dried material, with models tested on populations of independent samples collected in different years, seasons and locations. Prediction statistics for DM of fresh leaf using the Si PDA spectrometer (729-975 nm) were r 2 = 0.49-0.87 and root mean square error of prediction (RMSEP) = 2.36-1.44%, while with the use of the FT-NIR spectrometer, the prediction statistics were r 2 = 0.53-0.66 and RMSEP = 2.63-2.18% (across different years, seasons and locations).
Introduction
While the stem of Agave tequilana is used in the production of alcoholic beverage (Tequila   TM   ) , with harvest destroying the whole plant, non-lethal leaf harvests could support bioethanol production. 1 An above-ground dry biomass yield of 13 tons ha −1 yr −1 was achieved with an annual rainfall of 811 mm (Rockhampton, Australia), and leaf material accounted for 55% of total biomass (data not shown). Therefore, there is a potential to use 7 tons ha −1 yr −1 leaf as feedstock for biofuel production.
The value of this leaf material for ethanol production is dependent on leaf attributes such as total soluble solids (TSS) and dry matter (DM), and the sugar, cellulose, hemicellulose and lignin content of the dry matter. For example, we have observed agave leaf TSS to vary from 3.8% to 17.3% and DM from 9.3% to 21.9% in 1.5-to 4-year-old plants. DM is an index of structural and non-structural carbohydrates and thus an approximation of fermentable material, with composition varying with age and environmental conditions. The timing of harvest of agave leaves for bioethanol production should be guided by field measurement of leaf DM and/or TSS, and/ or laboratory measurement of dry matter cellulose, hemicellulose and lignin. To influence the agronomic decision on when to harvest, a rapid assessment of these attributes is required.
There have been numerous reports on the use of near infrared (NIR) spectroscopy to predict DM of agricultural products [2] [3] [4] [5] and TSS and DM of fruit. 6, 7 Indeed, a Scopus search (https://www.scopus.com/) on the keywords "NIR" and "dry matter" for the period 2000 to 2015 returned 140 results. Similarly, NIR spectroscopy has been used in estimation of glucans (cellulose), xylan (hemicellulose) and lignin (e.g. rice straw, agricultural residues, wood ). 4, [8] [9] [10] These applications are based on the O-H absorption features found at 1940 nm, 1440 nm and 960 nm, and C-H features at 1690-1755 nm, 1127-1170 nm and 910 nm. 11 However, the development of a given application requires consideration of appropriate instrumentation. For example, scanning grating technology coupled to silicon and lead sulphide detector technology (e.g. Foss NIRSystems 6500) has been a workhorse "standard" of the NIR agricultural community for assessment of dried and ground samples, offering a wide wavelength range (400-2500 nm) and high signal to noise. Fourier transform NIR (FT-NIR) offers the advantage of higher wavelength resolution than can be achieved with dispersive technologies, a feature that is suited to some applications (e.g. the presence of sugars on cellulose cotton fibres). 12 However, due to the strong absorption of wavelengths above 1100 nm by water, assessment of intact biological products is generally undertaken using the wavelength range below 1100 nm (shortwave NIR or SWNIR). Instruments operating in this wavelength range are generally smaller and less expensive, features suited to an application that involves field assessments.
This paper reports a study in which NIR was applied to fresh intact leaves for the estimation of DM and TSS, and to dried, ground leaf material for the estimation of cellulose, hemicellulose and lignin contents. Comparisons were made of the suitability of FT-NIR (1000-2500 nm) and portable silicon photodiode array (300-1100 nm) instrumentation for the measurement of DM and TSS in intact leaf, and of FT-NIR and scanning grating NIR (400-2500 nm) technology for the assessment of cellulose, hemicellulose and lignin in ground agave leaf samples. 
Materials and methods

Plant material
Spectral acquisition of intact leaf
In summary, spectra were acquired of intact leaves at three locations on each leaf (base, middle and tip), following which the leaves were dried and ground and rescanned. The ground material was solvent-extracted, re-dried and rescanned. Two spectrophotometers were compared for both intact leaf and ground material, as described below.
Spectra (absorbance and interpolated second derivative) were obtained of intact leaves using a portable silicon photodiode array (Si PDA) instrument (Nirvana, Integrated Spectronics, this is no longer in production, but is equivalent to the F750, Felix Instruments, USA) and a FT-NIR instrument based on an InGaAs sensor (Nicolet Antaris NIR analyser, https://www.thermofisher.com). The Si PDA employed a Zeiss MMS1 spectrometer and a tungsten halogen lamp in an interactance geometry (the "shadow probe" geometry described by Greensill and Walsh 13 ), collecting spectra between 300 nm and 1100 nm at approximately 3.3 nm steps. In this instrument, references (dark and white) are taken associated with every sample measurement. FT-NIR spectra were acquired using a fibre optic interactance probe accessory and the unit was operated over the range 1000-2500 nm at a spectral resolution of 8.0 cm −1 with 64 scans per sample, with a background spectrum (averaged from 64 scans) taken using the in-built polytetrafluoroethylene tile every 4 hours.
Determination of DM and TSS
A 3 cm diameter core of leaf was taken using a cylindrical corer at the point of spectra acquisition and dried to constant weight at 65°C for DM estimation. For cultivar L19 at Rockhampton, a second (adjacent) scanned area was also cored, with juice extracted using a garlic press and TSS assessed using a refractometer (DFM 320, Bellingham and Stanley).
Spectral acquisition of dried, ground leaf
The remaining portions of the leaves were cut into approximately 2 cm pieces and dried in an oven at 65°C until constant weight was obtained. Dried material was ground to pass a 530 µm sieve using a laboratory grinder (Mikro Feinmuhle Culatti, Janke and Kunkel, Staufen, Germany). Powdered samples (approx. 5 g) were loaded into quartz spinning cups and reflectance spectra recorded between 400 nm and 2500 nm at 2 nm increments with a scanning grating NIR spectrometer (NIRSystems model 6500, FOSS, Australia) using the spinning cup accessory, with an average of 32 scans per spectrum. The sample was then transferred to an Antares spinning cup and spectra acquired with the Antaris FT-NIR unit (described above).
Sample material was then subjected to Soxhlet extraction using boiling water (Milli-Q, www.emdmillipore.com/Milli_Q) for 12 hours.
14 Once dried (to constant weight at 65°C), Soxhletextracted samples were scanned again using the FT-NIR (Antaris) and scanning grating (NIRSystems 6500) units.
Determination of cellulose, hemicellulose and lignin
Soxhlet-extracted samples (10 g DW, n = 104) were analysed for cellulose, hemicellulose and lignin following the National Renewable Energy Laboratory (NREL) protocol. 15 The procedure entailed mixing 300 mg of sample (in triplicate) with 3 mL of 72% H 2 SO 4 (v/v) and incubation in a water bath at 30°C for 60 minutes, stirring every 15 minutes to avoid sample clumping. The samples were then diluted to 4% H 2 SO 4 (v/v) with 84 mL of pure water (Milli-Q, www.emdmillipore.com/Milli_Q) and then autoclaved at 121°C for 60 minutes. Following this step, the acid-insoluble residue (AIR) was collected by filtration through pre-weighed glass fibre filter paper using a Buchner funnel. The filtrate was retained for acid-soluble lignin (ASL) and carbohydrate (cellulose and hemicellulose) analysis. Cellulose and hemicellulose were determined by high-performance liquid chromatography (HPLC; Agilent 1100, Agilent Technologies Australia Pty Ltd, Australia). The AIR was washed with approximately 50 mL of Milli-Q water, oven dried at 100°C for 24 hours and then placed in a muffle furnace in a crucible at 575°C for 24 hours for determination of ash content. The lignin content of the ASL fraction was estimated from absorbance over the wavelength range 190-300 nm using a UV-visible spectrophotometer (Cary 50 Bio, Varian Inc., Santa Clara, CA) following the method of Sluiter et al.
14 Celluloseand hemicellulose-derived sugars were identified using an Agilent 1100 HPLC equipped with a thermostatically controlled column compartment (operated at 60°C) and a refractive index detector (Agilent 1260 Infinity) maintained at 50°C. A monosaccharide (7.8 mm × 300 mm) column was used in conjunction with a Carbo-H guard cartridge pre-column (Rezex, Phenomenex, Torrance, CA). Samples and standards were eluted with an isocratic mobile phase consisting of degassed dilute H 2 SO 4 (0.005 N H 2 SO 4 prepared in pure water). The flow rate was maintained at 0.6 mL min −1 . Analytical-grade (Sigma Aldrich; www.sigmaaldrich.com) glucose, xylose, arabinose and fructose were used as standards.
Chemometrics
Spectra were processed using The Unscrambler software v 10.3 (CAMO, Oslo, Norway) to develop non-linear iterative partial least squares regression (PLSR) calibration models. Absorption spectra were pre-processed using a Savitzky-Golay second-order polynomial second derivative [over 9 data points (4 points on left and 4 points on right) for Si PDA and 55 points (27 points on right and 27 points on left) for FT-NIR]. The PLSR models were assessed in terms of cross validation coefficient of determination (R 2 ), root mean square error of cross-validation (RMSECV), population mean (� X), standard deviation (SD), number of principal components (PC), slope and bias. Full leave-one-out cross validation was employed. The calibration models were tested on sample sets organised by growing year and location (see Results and discussion section) which were not included in the calibration to test model performance, with results reported in terms of coefficient of determination (r 2 ), root mean square error of prediction (RMSEP), bias and slope.
A minimal model performance of R 2 = 0.76 was considered as the lowest acceptable range for a model to be used for prediction, as this represents a SD to RMSECV ratio of 2.0, assuming negligible bias, from the relationship 8 0.76 was considered as the lowest acceptable range for a model to be used for p this represents a SD to RMSECV ratio of 2.0, assuming negligible bias, from the r
where SEP is bias-corrected RMSEP.
The available wavelength range was utilised for model development, with to restricted wavelength ranges. DM and TSS models were initially based on the region, based on the exhaustive wavelength range selection work of Subedi et a same instrumentation for assessment of these characters in mango. The optimal region for model development was also determined using a Matlab 12.b program Table 1 .
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The optically sampled volume of tissue inherent in the collection of spec be approximately estimated and thus there will be sampling error associated sampled for destructive analysis of composition. Further, there is some repeat associated with the reference analysis. For TSS, the repeatability of the r assessment of juice was approximately 0.1%, but error in sampling and juic increases this error. For DM determination, errors were associated with w
where SEP is bias-corrected RMSEP. The available wavelength range was utilised for model development, with comparison to restricted wavelength ranges. DM and TSS models were initially based on the 729-975 nm region, based on the exhaustive wavelength range selection work of Subedi et al. 7 using the same instrumentation for assessment of these characters in mango. The optimal wavelength region for model development was also determined using a Matlab 12.b program using PLS Toolbox 7.5 (Wenatchee, WA; http:// www.eigenvector.com/) as described by Guthrie et al. 16 This program exhaustively created models varying in start and end wavelength by 3 nm steps, with model performance compared in terms of RMSECV.
Results and discussion
Reference (laboratory) method
The reference values for DM, TSS, cellulose, hemicellulose and lignin of individual populations are listed in Table 1 .
The optically sampled volume of tissue inherent in the collection of spectra can only be approximately estimated and thus there will be sampling error associated with tissue sampled for destructive analysis of composition. Further, there is some repeatability error associated with the reference analysis. For TSS, the repeatability of the refractometer assessment of juice was approximately 0.1%, but error in sampling and juice extraction increases this error. For DM determination, errors were associated with weighing and effectiveness of water removal by the oven, with a typical RMSE of 0.4% (data not shown). Error in laboratory estimates of cellulose, hemicellulose and lignin has not been quantified. 
Correlation between DM and TSS
Features of spectra of intact leaf
Absorption and second derivative of absorption spectra of the visible-SWNIR region (300-1100 nm) collected using the Nirvana unit contained prominent features at 400 nm and 680 nm associated with chlorophyll, a feature at 500 nm ascribed to carotenoids and features in the SWNIR region ascribed to the second and third overtone regions of O-H stretching and the third overtone of C-H stretching (Figure 1 ). In the extended wavelength region of spectra collected by FT-NIR and scanning grating units, features associated with the first (1690-1755 nm) and second (1127-1170 nm) overtones of C-H stretching, O-H combinations at 1940 nm and first overtone at 1440 nm were apparent (Figure 1 ).
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SWNIR: DM modelling for intact leaf PLSR models for DM were initially developed for the 729-975 nm wavelength range, as recommended by Subedi et al., 7 which supported better results than use of the full visible-SWNIR spectral range (300-1065 nm) ( Table 2 ). The use of second derivative pre-processing improved results over use of absorbance only, but standard normal variate (SNV) pre-processing, alone or in combination with second derivative, did not improve results (Table 2 ). Thus use of second derivative absorbance data is recommended. (average of n = 552; left panels) and FT-NIR spectra (1000-2500 nm) (average of n = 432; right panels). Further work was undertaken on the optimal wavelength region, with restricted ranges based on consideration of the level of noise in the b-coefficients of the model and exhaustive consideration of wavelength ranges (Figures 2 and 3) . Minimum RMSEC and RMSECV were achieved using a 782-969 nm window (Figure 3 ), although the result was similar to that achieved using 729-975 nm (Table 3) .
Population SD on DM varied between 2.24 and 3.44 %DM, with model statistics of R 2 and slope improving as SD increased (Table 1) , with the poorest model statistics associated with the population with the lowest SD. For the population with the highest SD, model statistics of R 2 = 0.87, RMSECV = 1.0 %DM and slope = 0.81 were achieved ( Table 2 ). The PLS factor plot revealed some segregation of Rockhampton and Kalamia populations (Figure 4) . Models developed using the 729-975 nm and 782-969 nm regions were used in the prediction of populations not included in the calibration sets ( Table 3 ). The Kalamia 2014 samples were predicted well (r 2 = 0.87) using a model based on Kalamia 2013 samples. However, prediction performance was poorer (r 2 = 0.49-0.50) when the Kalamia 2014 model was used for prediction of Kalamia 2013 samples, a result at least in part ascribed to the lower SD of this group. For prediction involving populations from different growing locations, r 2 of 0.64-0.66 was achieved. Similar results were achieved using either wavelength region (Table 3 ). In conjunction with the PLS factor plots, these prediction results indicate the need to include more sample variability, by inclusion of samples from further seasons, sites and growing conditions, to base a robust PLS model.
FT-NIR: DM modelling for intact leaf
PLSR models for dry matter were developed using the full FT-NIR spectral range (1000-2500 nm) and a restricted range (Table 4) . Best model calibration statistics were achieved with the population of highest SD (Kalamia 2014) using second derivative spectra (R 2 = 0.81, RMSECV = 1.49 %DM).
Models developed using the 1000-2500 nm and 1087-2035 nm regions were used in the prediction of populations not included in the calibration sets, with equivalent results achieved using either range for the Kalamia populations ( Table 5 ). The prediction of Kalamia 2014 samples using the Kalamia 2013 model gave a poorer result than that achieved using SWNIR (r 2 = 0.66 compared to 0.87; RMSEP = 2.18% compared to 1.49%). These results (Table 3 ) again indicate a need to include a greater range of samples (growing conditions) in the PLS calibration set to achieve a more robust prediction performance. The SWNIR instrument is recommended for this application over the FT-NIR one. Table 6 . Summary statistics of PLS calibration models of %TSS developed using the wavelength region 729-975 nm (Si PDA instrument) with d 
SWNIR: TSS modelling for intact leaf
A similar approach was followed for analysis of the TSS data sets. The pre-processing of absorption spectra using d 2 A and SNV supported a small improvement in model statistics, with no notable differences between these treatments or their combination (data not shown), Similar results were obtained for several wavelength regions in the SWNIR, so for convenience the wavelength range utilised in the work on DM (729-975 nm) is reported here ( Table 6 ). As DM and TSS are correlated, it is possible that a PLSR model based on spectra is not differentiating between these two attributes. However, even when the same wavelength range was used, the weighting of the b-coefficients was different for the two models (data not shown). Therefore, further work was based on the 729-975 nm region, with d 2 A pre-processing. As expected, the best PLSR model R 2 (0.81) was achieved for the population of highest SD (2.71 %TSS), with RMSECV of 1.18 %TSS (Table 6) . A PLS factor plot demonstrated some separation of the Rockhampton 2012-2013 and Kalamia 2013 and 2014 populations ( Figure 5 ). This separation indicates that a single site or season model is likely to perform poorly in prediction of other sites or seasons.
Models were used to predict TSS in samples not included in the calibration sets ( Table 7) . The lowest RMSEP (1.2 %TSS) and highest r 2 (0.69) were achieved when populations of the same planting location and year were involved as calibration and prediction sets. Across locations and years, the result was poorer, consistent with the need to include more sample variation into the calibration set to achieve a "robust"' model. The two site-two season based model should prove more robust in performance, but requires testing on new populations. 
FT-NIR: TSS modelling for intact leaf
Similarly, PLSR models on TSS were developed using the full FT-NIR spectral range (1000-2500 nm) and a restricted range (1136-1851 nm and 1107-2150 nm) based on consideration of the level of noise in the b-coefficients of the model (data not shown). Slightly better results were obtained with the use of the 1107-2150 nm range, and with the use of second derivative spectra (Table 8 ). Overall, results were similar to or slightly inferior to those obtained using SWNIR. The highest R 2 for a PLSR model based on FT-NIR data was that of Kalamia 2014, with R 2 = 0.72, RMSECV = 1.43 (Table 8) . Models developed using the 1107-2150 nm region were used in prediction of populations not included in the calibration sets (Table 9) . Predictions were poor (r 2 < 0.56) in all cases (Table 9) , and thus the SWNIR instrument is recommended over the FT-NIR for this application.
FT-NIR: compositional analysis modelling for dried ground leaf PLSR models were developed using A. tequilana leaf powder reflectance spectra collected using two technologies, the FT-NIR and scanning grating units, in the context of cellulose, hemicellulose and lignin content. Prediction results were similar for the two instruments (data not shown). Further detail is presented for the FT-NIR data only. PLSR models were also developed using both pre-and post-Soxhlet-extracted powdered agave leaf samples for attributes of cellulose, hemicellulose and lignin content. The models developed using Soxhlet-extracted samples were better than those based on non-extracted samples (data not shown), a result ascribed to the removal of soluble sugars, which are spectrally similar to the components of interest.
Overall, the models developed with second derivative preprocessing were comparable to those based on raw absorbance (Table 10 ). The R 2 for cellulose (0.69-0.87), hemicellulose (0.58-0.88) and lignin (0.66-0.76) were obtained for different populations and cultivars (Table 10) .
The attributes of cellulose, hemicellulose and lignin were predicted in samples of populations independent of that used for calibration. The prediction r 2 for cellulose across cultivars was poor, varying between 0.64 and 0.36, but prediction across sampling periods achieved r 2 0.76 and 0.55 and RMSEP of 2.90 Table 9 . Prediction of %TSS of populations (intact leaf) using the models developed with log(1/R) spectra (1107-2150 nm) collected using the FT-NIR instrument. (Table 11) . Lignin was predicted poorly across different years, seasons and between cultivars, with r 2 < 0.21 (Table 11) . Past studies have indicated that NIR spectroscopy can be used to assess the cellulose, hemicellulose and lignin content of plant materials.
For example, prediction statistics (r 2 = 0.962, RMSEP = 0.46% w/w, n = 52, SD not available) have been reported for a model for cellulose in (pine, eucalypt and poplar) wood samples, developed using 1333-2326 nm FT-NIR spectra. 17 In another study, cellulose content of 62 Eucalyptus globulus samples was predicted using a model developed from 628 woodmeal samples with r 2 = 0.86 and RMSEP = 1.50% w/w, 10 SD not available). Similarly, prediction statistics of Prediction statistics of r 2 = 0.67 was reported for lignin content of ground E. globolus samples 19 and r 2 = 0.86, SEP = 2.1, SD = 1.6% w/w for lignin in rice straw samples. 8 Thus while the technology cannot be recommended for use with agave at this stage, given applications in other plant residues, further work to develop a calibration set involving larger sample sizes across different seasons and years is recommended.
Conclusions
The estimation of crop harvest maturity is a common issue across many crops. For agave bioethanol production, leaf DM and TSS are potential harvest maturity criteria, as is the relative proportion of cellulose, hemicellulose and lignin in dry matter. For assessment of DM and TSS of intact leaf in the field, the SWNIR instrument gave better results than the FT-NIR one. This result is consistent with lower absorption at shorter wavelengths, enabling greater effective measurement depth. The presence of a thick cuticle and epidermis, presumably of higher DM content than the bulk leaf, presents heterogeneity problems for optical sampling using longer wavelengths.
High cellulose and low lignin are desirable for ethanol production. Leaf DM level was correlated (R 2 of 0.88) with the sum of leaf cellulose and hemicellulose content in the months of May 2012 and August 2013, while in November 2012 and March 2013 the relationship was weaker (R 2 of 0.56 and 0.62, respectively), with an overall relationship (May 2012-August 2013) of R 2 = 0.77 (data not shown). The correlation of DM and cellulose and hemicellulose content suggests that the decision on harvest timing could be guided by field measurement of DM. For estimation of cellulose, hemicellulose and lignin content of dry matter, NIR assessment of dried ground material is recommended, with further work to extend the calibration set.
